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Recently, considerable attention has been paid to the Double Perovskite (DP) Sr2CrOsO6 due to its high
magnetic polarization and its high Tc ¼ 720 K. Several publications have appeared documenting some of
its properties, but there is still a lack of enough technical and theoretical information about it. Therefore,
to better understand how the 5d-Os atoms act on this Cr-based DP, it seems useful to take advantage
from knowledge about the most studied Cr-based DP Sr2CrReO6, previously known to have the highest
Tc ¼ 610 K. This paper proposes a theoretical support by Monte Carlo Simulation (MCS) to study the
magnetic properties of the diluted DP Sr2CrRexOs1xO6 doped by Re-substitution. It has been found that
the presence although minimal of Os-atoms in the system, is in favor of increasing Tc considerably. At 60%
of Os-concentration, a certain competition has been noticed between ferromagnetic double-exchange
(DE) and antiferromagnetic super-exchange (SE) interactions. It has been proposed that such a compe-
tition occurs at the half-metal-insulator transition due to 5d-band ﬁlling. Osmium crystal ﬁeld effect on
Tc, correlated with the Os-concentration in the system, has been also reported.
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Double Perovskites (DPs) have a general formula A2BB0O6 where
A is an alkaline or rare-earth metal and B/B0 are transition metals.
Sr2FeMoO6 (Tc ¼ 410 K) is the most studied DP and its Tc is higher
than most manganites [1,3]. It is characterized by a magnetoresis-
tance about 40% at 10 K and 100% electronic spin polarization [1].
These compounds have been gaining importance in recent years in
spintronic applications [2,4,9] thanks to their metallic nature and
tunneling magnetoresistance. To improve the performance of such
materials in industry it’s necessary to have a high Tc ensuring a high
spin polarization even at room temperature. Tc actually showed a
limited increase by electronic doping in some papers [5,6]. But in
other studies the overdoping revealed a reverse effect on Tc [7,8].
Electronic doping process by dilution or by substitution, in this
family of compounds, is focused mainly on the site A, and shows in
most studies a signiﬁcant increase of Tc. For example in Sr2FeMoO6
the Sr2þwas substituted by other rare-earth elements such as Ba, Ca
[10,11] or diluted by the trivalent La3þ [12]. Recently in Sr2CrReO6,
Sr2þ ions were diluted by La, Nd and Sm [13]. The results offered byzouani).
n open access article under the CCthis study show the absence of the expected increase of Tc by the
Electronic doping as predicted for Sr2FeMoO6. This indicates a total
difference in the behavior of each DP regarding the electronic
doping. Because of the hardness of making samples, doping the B
sites by substitution or dilution did not meet enough interest. As an
example, we cite the dilution of Fe atoms in the most studied DP
Sr2FeMoO6 by Mn [14,15]. The partial substitution of the Fe sites by
Mn leads to a decrease of Tc and the magnetization up to a doping
level where a sharp drop appears. This Tc drop effect was also
observedwhen diluting Fe sites by Al [16] and explained in this case
by the random 3D dilution. Furthermore, the substitution of B0 sites
has been reported in several studies, the relevant effect observed in
this type of doping is the structural change of the compound, for
example in Sr2FeRe1xFexO6 (0  x  0.5) a structural transition has
been reported from the ordered phase “x¼ 0” to various disordered
phases when Increasing the degree of dilution [17]. The most efﬁ-
cient substituting technique to improve Tc is reported for Cr-based
DP compounds [18]. The technique involves ﬁlling the 5d-shell on
B0 site. When B0 site is substituted by W then by Re then by Os, Tc
increase of about 100 K at each substitution until reaching 720 k for
Sr2CrOsO6 [19]. Despite that ﬁlling, ferromagnetism instead of
losing stability becomes more stable, even if the ﬁlling of the 5dBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
O. El Rhazouani et al. / Computational Condensed Matter 8 (2016) 1e62orbital increases each time by one electron (W 5d1, Re 5d2, Os 5d3)
[18]. Tc of Sr2CrReO6 is about 610 K [20]. Sputtering and pulsed laser
deposition techniques are used to grow high-quality thin ﬁlms of
Sr2CrReO6 [21,22] allowing the use of this material on spintronic
devices such as electrodes for magnetic tunnel junctions. However,
to the authors’ best knowledge, the dilution of B0 sites by a transi-
tion metal in Cr-based DPs was never proposed in a theoretical
study by Monte Carlo Simulation (MCS).
In previous works, a magnetic and energetic investigation has
been performed for the DPs Sr2CrReO6-Sr2CrOsO6 using MCS in the
framework of Ising model [27,32]. These works have given useful
results such as: e Both compounds are in the ferrimagnetic phase
at ground state; e Ferrimagnetic phase is closely related to the
negative sign of the interaction coupling between atoms in B-sites
and atoms in B0-sites; e Couplings that describe the interaction
between atoms in each sublattice are ferromagnetic type; e Rising
the crystal ﬁeld of B0-atoms leads to an increase of the critical
temperature. These ﬁndings and others describe the behavior of
both compounds regarding the interaction couplings predicted by
the crystal structure and regarding the crystal ﬁelds prevailing in
both systems. In this paper, while we refer to our earlier works
[27,32], the focus is different.
In this work, we focus the study on the DP Sr2CrReO6 with a
random dilution by Os in site B0 (RexOs1x). MCS combined with
Metropolis algorithm in the framework of Ising model have been
performed to study the energetic and magnetic behavior of the
substitution of Re by Os in the range (0.1  x  0.9). We report the
size effect for x¼ 0.5 and the effect of rising Os-crystal ﬁeld△Os on
the magnetic properties, correlated with the Os-concentration.
2. Model and method
Tetragonal structure of DPs involves many interaction couplings
and makes the Hamiltonian equation complex. Thus, we opt for the
cubic structure that makes the Ising model easier to handle in MCS.
Hence, we locate in the crystal structure two sublattices. Each one
constitutes a Face-Centered Cubic (FCC) structure. The two sub-
lattices form a rock-salt structure. Cr atoms are localized in the ﬁrst
sublattice and interact with each other by J2 that is a Next Nearest
Neighbors (NNN) coupling for Cr-atoms, and interact with the
atoms of the second sublattice by J1 that is a Nearest Neighbors
(NN) coupling for each atom of the system. To simplify the model,
the interaction coupling J1, which acts between Cr and Re atoms
and between Cr and Os atoms, is taken of the same value. Re and Os
atoms are localized in the second sublattice and interact with each
other by J3 that is a NNN coupling for Re- atoms and Os-atoms. To
more simplify the model, the same value is accorded to the inter-
action coupling J3 that act between the Re-Re atoms, between the
Re-Os atoms and between the Os-Os atoms.△Cr,△Re and△Os are
the respective crystal ﬁelds of atoms Cr, Re and Os. Crystal ﬁeld D of
a transition metal is the splitting of d-orbitals in the ﬁeld generated
by the set of ligands surrounding the transition metal ion [33]. On
the basis of this description of interaction couplings and crystal
ﬁelds prevailing in the systemwe establish the Isingmodel that can
be given by:
H ¼ J1
XN2
i;j
Si

sj þ gj

 J2
XN2
i;j
SiSj  J3
XN2
i

sisj þ sigj þ gigj

 DCr
XN=2
i
ðSiÞ2  DRe
XxN=2
i
ðsiÞ2  DOs
Xð1xÞN2
i
ðgiÞ2
(1)<i,j> denotes the NN and NNN spins at i and j sites. Si ¼ ±3/2, ±1/2,
si ¼ ±1, 0 and gi ¼ ±3/2, ±1/2 are the respective spins of Cr, Re and
Os.
We start this simulation from the ferrimagnetic phase, because
several studies have predicted this phase at ground state for the
main compound Sr2CrReO6 [20,23,24]. This phase involves taking
J1 < 0 describing the NN antiferromagnetic interaction between the
atoms of the two sublattices. J2 > 0 and J3 > 0 describe the NNN
ferromagnetic interactions between Cr-atoms and Re/Os-atoms
respectively. The ﬁrst step of this simulation consists on creating
a spin lattice. Odd index sites are occupied by Cr and take the spin
value 3/2. Even index sites are ﬁlled as follows: all sites are visited
one by one; a random number “y” between 0 and 1 is generated at
each site. If y < x, the site will be occupied by Re and take the spin
value 1. If y > x, the site will be occupied by Os and take the spin
value 3/2. Thus, B0 sites will be ﬁlled randomly in x*100% of cases
by Re atoms and in (1x)*100% of cases by Os atoms. The whole
sites of the system are visited at each MCS step. At each site we
perform the ﬂip test. Hence, the energy difference, between the
departure state and the arrival state, is calculated. Using the
Metropolis algorithm, we decide if the ﬂip will be accepted or not.
In the sites occupied by Cr-atoms, the spins are ﬂipped to one of the
values ±3/2, ±1/2. When the visited site is occupied by a Re-atom,
the spin is ﬂipped to one of the values ±1, 0. Spins are ﬂipped to one
of the values ±3/2, ±1/2, if the visited site is occupied by an Os-
atom. Calculating the energy of a given site takes into account the
presence in the site of one of the atoms Cr, Re or Os. In the case of
Cr-atoms, the formula calculating the energy includes only the term
of crystal ﬁeld △Cr corresponding to Cr-sublattice. The same
approach is followed as for Re/Os sites. Total energy and total
magnetization of the system and their ﬂuctuations are calculated at
the equilibrium determined by MCS steps (see Table 1).
Magnetization M, magnetic susceptibility c and speciﬁc heat Cv
are given by the following equations [25e27]:
M ¼ 1
N

XN2
i
Si 
XxN2
i
si 
Xð1xÞN=2
i
gi

(2)
c ¼ N
ðKBTÞ

M2
 〈M〉2
 (3)
Cv ¼ 1
NðKBTÞ2

E2
 〈E〉2
 (4)
where, E is the internal energy of the system. KB is the Boltzmann
constant. N is the number of sites in the system.3. Monte Carlo Simulation results
Results are taken for a cubic bulk of size L¼ 32. It is important to
note that the speciﬁc thermodynamic limit in this model is also
determined at L ¼ 28 as in the study of Sr2CrReO6 [27]. Above this
size, the behavior of thermodynamic quantities and critical points
does not change. NN-coupling J1 ¼ 1 and NNN-couplings
J2 ¼ J3 ¼ 1 are the values taken in this simulation for the interac-
tion couplings. J1, J2 and J3 are taken as dimensionless quantities.
They correspond to the description quoted above concerning the
spin-spin interactions occurring in the system. Results reclaimed
are reduced to the absolute value of the NN-coupling J1. Boltzmann
constant KB is taken equal to 1. To bring up the effect of the partial
Table 1
Monte Carlo Simulation scenario describing the composition of the lattice and the system states during the simulation.
MCS steps
Atom Site
index
Sublattice
ﬁlling
Initial state
at T ¼ 1 K
State at step 1 (the whole
sites will be visited)
Step 1/ step 6 .104 Step 6 .104/ step
1.2 .105 (equilibrium)
Cr Odd 100% 3/2 3/2 or 1/2 or 1/2 or 3/2 Calculation of physical
quantitiesE, Cv, M, cRe Even x*10% 1 1 or 0 or 1
Os (1x)*10% 3/2 3/2 or 1/2 or 1/2 or 3/2
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(x ¼ 0.9/ 0.1), which corresponds to a dilution of Re-sublattice by
Os ranging from 10% to 90%. In Fig. 1, we report the behavior of the
magnetization of each type of atoms in the system for Os-
concentrations (20%, 40%, 50%, 60%, 80%) (Fig. 1)(aec). In the
same ﬁgure we report the total magnetization for Os-concentration
ranging from 10% to 90% (Fig. 1-d). Magnetization is calculated as a
function of reduced temperature T/|J1|. Dimensionality of the
magnetization is in term of spins, because equation (2) shows that
the total magnetization is calculated as the normalized sum of all
values of spins in the system. Magnetization of each sublattice is
the normalized sum of all values of spins in the sublattice.
In a previous work calculating the reduced Tc for DCr/|J1| ¼ DRe/|
J1| ¼ 2, for Sr2CrReO6 without dilution, shows that reduced tem-
perature Tc/|J1| ¼ 28 [27]. The dilution of this system by only 10% of
Os-concentration increases the reduced Tc to 34 although DCr/|J1|
andDRe/|J1| are taken equal to 1. This means that the presence of Os-
Atoms although minimal has a positive inﬂuence on the magnetic
performance. Increasing the concentration of Os leads to the in-
crease of the total magnetization amplitude and the increase of theFig. 1. Magnetization as a function of reduced temperature T/|J1|; (a) magnetization of Ch
Osmium sublattice - (d) total magnetization for Os-concentrations ranging from 10% to 90%critical temperature. In Cr-sublattice, the amplitude of the
magnetization remains unchanged, but the transition temperature
increases by increasing the concentration of Os. Increasing the Os-
concentration causes an evident increase of the amplitude of the
Os-sublattice magnetization. On the other side, we found a
decrease in the amplitude of the Re-sublattice magnetization in
which the increase of Tc is maintained. At 60%, we notice a sharp
drop of the magnetization of each sublattice at the transition
temperature. Such a drop of the magnetization describes a breeze
of symmetry higher than other transitions corresponding to other
Os-concentrations (Fig. 1)(aec). A same type of drop was reported
when doping Sr2FeMoO6 by Mn [14,15] and by Al [16] in Fe sites.
This drop of the partial magnetization is not observed in the total
magnetization, which means that there is a correlated compensa-
tion between the three atom-sublattices (Fig. 1-d). Since that
Sr2CrReO6 is known to be a half-metallic DP [20,28,29] and
Sr2CrOsO6 is at the endpoint of a metal-insulator transition [19], the
drop can be explained by the fact that at this concentration of Os
there is a competition between ferromagnetic double-exchange
(DE) and antiferromagnetic super-exchange (SE) interactions thatromium sublattice - (b) magnetization of Rhenium sublattice - (c) magnetization of
. Reduced crystal ﬁelds are taken uniform△Cr/|J1| ¼△Re/|J1| ¼△Os/|J1| ¼ 1.
Fig. 2. Magnetic susceptibility as a function of reduced temperature T/|J1| for various
Os-concentrations ranging from 10% to 90% for uniform crystal ﬁelds (△Cr/|J1| ¼△Re/|
J1| ¼ △Os/|J1| ¼ 1).
Fig. 3. Internal energy as a function of reduced temperature T/|J1| for various Os-
concentrations ranging from 10% to 90% for uniform crystal ﬁelds (△Cr/|J1| ¼ △Re/|
J1| ¼ △Os/|J1| ¼ 1).
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ﬁlling. A same type of magnetic competition between transition
metals has recently been observed for the perovskite Sr3Fe2O7, in
which SE and DE interactions strengths become comparable nearFig. 4. Speciﬁc heat as a function of reduced temperature T/|J1| for various Os-
concentrations ranging from 10% to 90% for uniform crystal ﬁelds (△Cr/|J1| ¼ △Re/|
J1| ¼ △Os/|J1| ¼ 1).the metal-insulator transition [30]. Authors of this paper [30]
predict that this ﬁnding could be a ﬁrm basis for models of mag-
netic correlations in strongly correlated metals.
In Fig. 2, we plot the susceptibility c as a function of reduced
temperature T/|J1| for reduced crystal ﬁelds △Cr/|J1| ¼ △Re/|
J1| ¼ △Os/|J1| ¼ 1. c is a parameter that describes the magnetic
ﬂuctuations. It has the form of Boltzmann’s distribution. Its value is
maximal at the critical point Tc, but it’s close to zero far from the
critical point. The increase of Os-concentration leads to the
displacement of the susceptibility peaks to larger values of tem-
perature. There is a good match between this result and the in-
crease of Tc observed for the magnetization (Fig. 1-a). Larger peak
amplitudes are observed for high Os-concentrations. The suscep-
tibility in this connection is the ﬂuctuation of the magnetization in
the system. The susceptibility peaks coincide with the phase tran-
sition points. The increase of their values with the increase of Os
concentration is due to large contribution of Os-crystal ﬁeld (△Os),
which is larger than Re-crystal ﬁeld (△Re), in the internal energy of
the system. All transitions noticed in this work are second order
transitions. The internal energy is plotted as a function of the
reduced temperature T/|J1| and for Os-concentration ranging from
10% to 90% (Fig. 3). The energy is stable at low levels for low tem-
peratures; it increases when changing the symmetry in the system
then stabilizes for high temperatures when the system becomes
paramagnetic. The energy does not behave as the magnetization; it
decreases with the increase of Os-concentration. This reﬂects the
stability due to 5d-band ﬁlling in Os-atoms, which is in agreement
with the observation reported by Sanyal [18] noting that increasingFig. 5. (a) Magnetic susceptibility, (b) speciﬁc heat as a function of reduced temper-
ature T/|J1| for various system sizes ranging from L ¼ 16 to L ¼ 32. Os-concentration is
ﬁxed at 50%. Crystal ﬁelds values are taken uniform (△Cr/|J1| ¼ △Re/|J1| ¼ △Os/|
J1| ¼ 1).
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plotted the speciﬁc heat Cv as a function of the reduced tempera-
ture T/|J1| for Os-concentration ranging from 10% to 90%. The same
behavior of Tc observed in Fig. 2 for the magnetic susceptibility, is
also observed for the speciﬁc heat in Fig. 4. I.e. the increase of Os-
concentration causes the displacement of speciﬁc heat peaks to
larger values of the temperature. Larger peak of CV is observed at
50% Os-concentration. 50% of Os-concentration produces a larger
peak of CV could be explained by the contribution of Os concen-
tration in the material stability that has been shownwhen plotting
the internal energy in Fig. 3. CV is the ﬂuctuation of the internal
energy and its peak coincides with the phase transition point, and
so, before 50%, the contribution Os-concentration in the stability is
less than Re-concentration, then increasing the Os-concentrations
produces a large peak of CV at 50% indicating a large competition
between Os and Re concentrations, and after 50% CV-peaks
decrease indicating an increase of the Os-concentration in the
system stability.
We evaluate the size effect on the energetic and magnetic
behavior when the system is half-diluted for reduced crystal ﬁelds
△Cr/|J1| ¼△Re/|J1| ¼△Os/|J1| ¼ 1 and for sizes ranging from L ¼ 16
to L ¼ 32. Since the results are not exceptional from the qualitative
point of view, we only report the curves of speciﬁc heat Cv and
magnetic susceptibility c (Fig. 5). The change of magnetization
values and energy values is very small at the increase of the size of
the system. This change is very slight on the graph of the magne-
tization between L ¼ 16 and L ¼ 24. The susceptibility shows a
progressive increase of the amplitude peaks at increased size
(Fig. 5-a). This increase is not noticed enough in the energetic
ﬂuctuations Cv, where, even if the amplitude of the peaks increases,
they remain very close (Fig. 5-b).
5d-Os orbitals are much extended than 3d-Cr and 5d-Re or-
bitals, which implies an important role of Os crystal ﬁeld in the
magnetic properties of this material. Thus, in Fig. 6, we plot the
susceptibility c as a function of the reduced T/|J1|, for reduced
values DOs/|J1| ranging from 1 to 4, for ﬁxed Os-concentrations
ranging from 20% to 80% (Fig. 6-a,b,c,d); DCr/|J1| and △Re/|J1| are
taken equal to 1. For reduced valueDOs/|J1|¼ 1, reduced Tc goes from
34 K to 39 K when Os-concentration goes from 20% to 80% and goes
from 34 K to 41 K for reduced value DOs/|J1| ¼ 4. Thus, the effect of
the increase of DOs results in an increase of Tc, which is seen in the
shifting of c peaks to larger values of T/|J1|. This result is in sub-
stantial agreement with the recent observation [31] suggesting that
the ﬁlling of 5d-band leads to an evident increase of the crystal ﬁeld
which leads to an increase of Tc. 5d-band ﬁlling has so strong in-
ﬂuence in the magnetic properties of these materials because: ﬁrst,
it determines the amplitude of the crystal ﬁeld of 5d-elements (Re
and Os) which inﬂuence the transition temperatures, the amplitude
of the magnetization and the magnetic stability of the material.4. Conclusion
A MCS was performed to study the magnetic behavior of the
diluted DP Sr2CrRexOs1xO6. It has been found that the Re-
substitution in Sr2CrReO6 by only 10% of Os-concentration in-
creases the reduced Tc considerably which shows a positive inﬂu-
ence of Os-atoms on the magnetic performance. At 60% of Os-
concentration a sharp drop of the partial magnetization was
noticed describing a breeze of symmetry higher than otherFig. 6. Magnetic susceptibility as a function of reduced temperature T/|J1| for various
reduced crystal ﬁeld△Os/|J1| ranging from 1 to 4. Os-concentration ﬁxed at (a) 20%, (b)
40%, (c) 60% and (d) 80%. Crystal ﬁelds of Chromium and Rhenium are taken uniform
(△Cr/|J1| ¼ △Re/|J1| ¼ 1).
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compensation between the three atom-sublattices defends this
partial magnetization drop to be shown in the total magnetization.
A same type of drop was reported when doping Sr2FeMoO6 by Mn
[14,15] and by Al [16] in Fe sites. Since that Sr2CrReO6 is known to be
a half-metallic DP [20,28,29] and Sr2CrOsO6 is mott insulator at the
endpoint of a metal-insulator transition [19], the drop can be
explained by the fact that at this concentration of Os there is a
competition between ferromagnetic double-exchange (DE) and
antiferromagnetic super-exchange (SE) interactions that occurs at
the half-metal-insulator transition due to 5d-band ﬁlling. A same
type of magnetic competition between transition metals was
recently reported for the perovskite Sr3Fe2O7 [30]. The internal
energy decreases with the increase of Os-concentration which re-
ﬂects the improve of the stability due to 5d-band ﬁlling in B0-sites,
which is in agreement with the observation reported by Sanyal [18]
noting that increasing 5d-band ﬁlling increases the stability of Cr-
based DPs. Rising DOs causes an increase of Tc, which can be seen
in the shifting of c peaks to larger values of the reduced tempera-
ture. There is a good match between this result and recent sug-
gestions that claim that the ﬁlling of 5d-band leads to an evident
increase of crystal ﬁeld which leads to increase Tc [31].
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